Background Coronal alignment is considered key to the function and longevity of a TKA. However, most studies do not consider femoral and tibial anatomical features such as lateral femoral bowing and the effects of these features and subsequent alignment on function after TKA are unclear. Questions/purposes We therefore determined (1) the prevalence of lateral femoral bowing, varus femoral condylar orientation, and severe tibia plateau inclination in female Koreans undergoing TKA; (2) whether postoperative alignments are affected by these anatomical features and improved by the use of navigation; and (3) whether postoperative coronal alignments are associated with function.
Introduction
When performing TKA, restoring proper coronal alignment is arguably regarded as a key surgical tenet in terms of restoring function and achieving a durable implant [2, 20, 21, 33, 37] . Consequently, the goal of postoperative coronal alignment in TKA is to restore mechanical limb alignment to neutral by aligning both the femoral and tibial components perpendicular to the mechanical axes of the femur and tibia, respectively [20] . In a normal femur, the femoral shaft has no bowing and a 3°valgus orientation of the femoral condylar surface with respect to the femoral mechanical axis, whereas the proximal tibial articular surface is at a corresponding 3°of varus with reference to the tibial mechanical axis [11, 20, 26] . This 3°of varus inclination of the tibial plateau and approximately the same degree of valgus orientation of the distal femoral condyle have been viewed as basic in past anatomical studies [11, 26] and as the norm to achieve proper coronal alignment using most TKA instrumentation systems. However, several authors have reported considerable variations in normal alignment between ethnicities [16, 29, 30, 36, 40] . Furthermore, several Asian studies have found femoral lateral bowing and obliquity of the proximal tibial joint surface in knees with advanced osteoarthritis can present with more severe varus inclination ([ 3°) [16, 29, 30, 36, 40] . In addition, we have observed the femora in these patients frequently have lateral bowing of the shaft and varus orientation at the condyles and the tibiae exhibit a much larger varus inclination at the plateaus in Koreans. In theory, the presence of lateral bowing of the femoral shaft may result in varus orientation of the femoral component unless special attention is paid during the implantation of an intramedullary guiding system [20, 31, 40] . A knee with severe varus inclination of the tibia plateau requires modification of surgical techniques such as more aggressive medial release or greater external rotation of the femoral component to create rectangular gaps [20] . Furthermore, it is conceivable the presence of these anatomical features is associated with the occurrence of outliers in the coronal alignment and that knees with such outliers have inferior function and durability to properly aligned knees [9, 10, 20, 21, 33] .
We therefore determined (1) the prevalence of lateral femoral bowing, varus femoral condylar orientation, and severe tibia plateau inclination in female Koreans undergoing TKA; (2) whether postoperative alignments were affected by these anatomical features and improved by the use of navigation; and (3) whether postoperative coronal alignments are associated with functional outcomes.
Patients and Methods
We retrospectively reviewed all 367 female patients who had undergone unilateral TKA for advanced osteoarthritis using a standard instrumentation system (Genesis II; Smith & Nephew, Memphis, TN, USA) or an image-free navigation system (Orthopilot; B. Braun-Aesculap, Tuttlingen, Germany) from March 2004 to April 2010. We excluded 36 patients (8.9% of 403 eligible patients treated during the study period) for: (1) a history of femoral or tibial fracture or osteotomy around the knee; (2) the presence of a congenital anomaly in the femur or tibia; (3) a history of prior knee or hip arthroplasty; (4) a diagnosis other than primary osteoarthritis; and (5) a position in radiographs preventing complete evaluation of radiographic variables or the absence of radiographs after TKA resulting from followup loss. Sixty sex-and aged-matched patients who visited our knee clinic as a result of knee symptoms but with no radiographic findings for osteoarthritis (Kellgren-Lawrence Grade 0 or 1 [15] ) were assigned to the control group. Mean age in the TKA group was 69.0 years (range, 50-88 years) and in the control group was 65.9 years (range, 50-85 years). The mean height, weight, and body mass index in the TKA group were 151.7 cm (range, 131-167 cm), 61.0 kg (range, 38-97 kg), and 26.4 kg/m 2 (range, 18.9-39.1 kg/m 2 ), respectively. No patients were lost to followup. All patients were followed and followup data reported at 1 year. No patients were recalled specifically for this study; all data were obtained from medical records and radiographs. This study was approved by our institutional review board.
To determine whether our sample size was sufficient, we performed a priori power analysis using the two-sided hypothesis test at an alpha level of 0.05. Sixty-four knees were required to detect a 5°difference in motion arc and a 5% difference in outcome scales. We considered these cutoff values to be clinically important because motion arc was measured to the nearest 5°and a 6% difference of maximum score has been suggested as the minimal clinically important difference for WOMAC and SF-36 [1] . Thus, the sample sizes used were regarded as adequate.
Preoperatively a standing whole-limb AP radiograph was used to measure three parameters, namely, femoral bowing angle, femoral condylar orientation, and tibial plateau inclination ( Fig. 1 ). Femoral bowing angle was defined as the angle between the line connecting the points bisecting the femur at 0 and 5 cm below the lowest portion of the lesser trochanter and the line connecting the points bisecting the femur at 5 cm and 10 cm above the lowest portion of the lateral femoral condyle (Fig. 1A ). Negative and positive femoral bowing angle values indicate lateral and medial bowing, respectively. To calculate femoral condylar orientation, we measured the mechanical femoral joint angle (defined as the lateral angle between the femoral mechanical axis, a line connecting the hip center and the top point of the intercondylar notch of the femur, and the bisecting midline of the tibiofemoral joint; Fig. 1B ). Femoral condylar orientation values were calculated by subtracting mechanical femoral joint angle from 90°, and thus, a negative femoral condylar orientation value indicates varus orientation of the femoral condyles. To calculate tibial plateau inclination, we measured mechanical tibial joint angle (defined as the lateral angle between the tibial mechanical axis, the line connecting the midpoint of the medial and lateral tibial eminences and the midpoint of the talus dome, and the bisecting midline of the tibiofemoral joint; Fig. 1C ). Tibial plateau inclination values were calculated by subtracting mechanical tibial joint angle values from 90°, and thus, negative values indicate varus inclination of the tibia plateau.
All surgeries were performed by a single surgeon (TKK) using a standard medial parapatellar approach; all patients underwent a similar rehabilitation protocol after surgery. Decisions regarding surgical modality (the standard instrument system or the navigation system) were made by the operating surgeon based on considerations for multiple factors including surgery schedule, but generally, knees were randomly assigned. A fixed-bearing posterior-stabilized prosthesis (Genesis II; Smith & Nephew) was implanted when the standard instrumentation system was used and a mobile-bearing posterior-stabilized system (e.motion-RP/PS; B. Braun-Aesculap) when the navigation system was used. In addition, when the standard instrumentation system was used, an intramedullary guide was used for the femur and an extramedullary guide for the tibia. To achieve a distal femoral bone cut perpendicular to the mechanical axis of the femur, the angle of the distal femoral cutting block was set at the measured angle between the femoral mechanical axis and the femoral anatomical axis. Navigated procedures were performed as recommended by the manufacturer [18] . Briefly, after tracking devices were placed, kinematic and anatomical registrations were performed, and the accuracy of registration was confirmed using preoperative radiographic measurements [7] . Bone resections started with the tibia; neutral coronal alignment and a posterior slope of 0°to 1°were targeted, and the level of bone resection was aimed for 9 to 10 mm at the intact plateau, typically the lateral tibial plateau. The accuracy of bone resection of the proximal tibia was checked using the navigation system. Extension and flexion gaps were assessed, and gap balancing was carried out in accordance with initial gap assessments. Gap assessments were repeated after gap balancing, and femoral resections were planned with consideration of gaps and alignments. Typically, neutral overall limb alignment defined as mechanical tibiofemoral angle of 0°was targeted. If the medial side of an extension gap was too tight but with a well-balanced flexion gap, distal femoral resection was targeting 1°or 2°of varus to help create a balanced extension gap. The patella was resurfaced in all knees, and all prostheses were fixed with cement. Patients were encouraged to start knee motion with quadriceps-strengthening exercises on the day after surgery. Ambulation with a walking aid was initiated on the second postoperative day. Typically, patients were discharged to home or to a rehabilitation center 7 days after surgery.
All clinical information was prospectively collected using predesigned data sheets and maintained in a database by an independent investigator (YGK). The clinical information included demographic data, preoperative clinical statuses, and postoperative outcomes evaluated at 6 and 12 months postoperatively and annually thereafter. Preoperative clinical statuses and postoperative outcomes were evaluated using knee ROM, American Knee Society knee and function scores [13] , WOMAC scales [3] , and SF-36 scores [39] . ROM was calculated by subtracting flexion contracture from maximum flexion. An independent investigator (YGK) measured flexion contracture and maximum flexion to the nearest 5°using a standard (38 cm) clinical goniometer with patients positioned supine.
Postoperatively, a standing whole-limb AP radiograph taken at 6 or 12 months after surgery was used to measure four parameters, namely, mechanical tibiofemoral angle, anatomical tibiofemoral angle, coronal femoral prosthesis alignment, and coronal tibial prosthesis alignment ( Fig. 2) . Two of us (KJL, YGK) made all radiographic measurements using full-length weightbearing AP leg radiographs, which included the hip, knee, and ankle. To achieve the same foot rotation angle, a reference template was positioned on the platform of our plane radiographic system. All radiographic images were digitally acquired using a picture archiving and communication system (PACS) (Infinitt, Seoul, Korea). Assessments were performed on a 20-inch LCD monitor (PCBANK) in portrait mode using PACS software. The software package allowed the investigator to detect the bisecting point of any region on the femur or tibia and to measure angles between any two lines drawn on the digital image. The minimum detectable angular change was 1°. As a surrogate of overall limb alignment, we measured mechanical tibiofemoral angle of the knee, which was defined as the angle formed by the intersection between the mechanical axes of the femur (the line from the femoral head center to the femoral intercondylar notch center) and the tibia (the line from the ankle talus center to the center of tibial spine tips) ( Fig. 2A) . A negative value was given to knees in varus alignment. Another surrogate of overall limb alignment, anatomical tibiofemoral angle, was defined as the angle between the anatomical axes of the femur (the line from a point on the bisector of the femur, 15 cm proximal to the lowest point of lateral femoral condyle, to the center of the femoral intercondylar notch) and the tibia (the line from the midpoint between the medial and lateral tibial eminences to a point on the bisector of the tibia, 15 cm distal to the highest point of lateral tibial plateau) ( Fig. 2B) . A knee with an anatomical tibiofemoral angle ranging from 5°to 9°was considered aligned. To assess coronal alignment of the femoral component, we measured the femoral component lateral angle defined as the lateral angle between the femoral mechanical axis and a line connecting the most distal points of the medial and lateral condyles of the femoral component. Coronal femoral prosthesis alignment was calculated by subtracting the femoral component lateral angle from 90°, and thus, a negative value was given to varus orientation of the femoral component ( Fig. 2C ). To assess coronal alignment of the tibial component, we measured the tibial component lateral angle, defined as the lateral angle between the tibial mechanical axis and the line parallel to the top surface of the tibial component ( Fig. 2D ). We calculated coronal tibial prosthesis alignment by subtracting the tibial component lateral angle from 90°, and thus, a negative value was given to varus orientation of the tibial component.
To determine the intra-and interobserver reliabilities of radiographic assessments, the two investigators performed all radiographic assessments in 20 randomly selected radiographs twice with an interval of 1 week. The intraand interobserver reliabilities of assessments of all radiographic measurements were evaluated using intraclass correlation coefficients (ICCs). The ICCs of the intra-and interobserver reliabilities of all measurements were [ 0.88 (range, 0.88-0.96). Because the measurements were judged reliable, measurements taken by a single investigator (KJL) were used in the analyses.
To document the coronal radiographic features of femurs and tibiae, data were summarized as means and SDs and as ranges for femoral bowing angle, femoral condylar orientation, and tibial plateau inclination. In addition, the proportions of knees of different severities as defined using several relevant cutoff values such as mild, moderate, severe, or very severe for tibial plateau inclination were calculated. The differences between the TKA and control groups were determined using the Student's t-test for means and using the chi square test or the Fisher's exact test for proportions. To determine whether postoperative alignments were affected by these anatomical features and improved by the use of navigation, partial correlation analyses between anatomical features and postoperative alignment parameters and comparisons of means and of the frequencies of outliers in subgroups of different anatomical severities were performed. These analyses were performed separately in 185 knees for which the standard instruments were used in TKA (the standard instrumentation group) and 182 knees for which the navigation system was used (the navigated group). Outliers were defined as knees with a mechanical tibiofemoral angle [ ± 3°, knees with a coronal femoral prosthesis alignment [ ± 3°, or knees with a coronal tibial prosthesis alignment [ ± 3°. In partial correlation analyses of the three anatomical features, namely, femoral bowing angle, femoral condylar orientation, or tibial plateau inclination, the other two factors were entered as confounders to control for their effects on postoperative alignment. To determine whether postoperative alignments of limbs and prostheses affected functional outcomes, the functional outcomes at 1 year postoperatively were compared between aligned knees and outliers using the analysis of covariance. The cutoff values for outliers were [ ± 3°f or mechanical tibiofemoral angle, beyond the 5°to 9°r ange for anatomical tibiofemoral angle, and [ ± 2°for coronal femoral prosthesis alignment and coronal tibial prosthesis alignment. This cutoff value was chosen for coronal femoral prosthesis alignment and coronal tibial prosthesis alignment because the cutoff value of [ ± 3°d
id not provide sufficient numbers for comparison. Because postoperative functional outcomes could be influenced by other multiple factors, when determining the differences between the two groups using analysis of covariance, age, body mass index, and the corresponding preoperative scores of outcome scales were entered as covariates to control their confounding effects. All statistical analyses were carried out using SPSS for Windows (Version 15.0; SPSS, Inc, Chicago, IL, USA).
Results
We found differences between the TKA and control groups for femoral bowing angle, femoral condylar orientation, and tibial plateau inclination (Table 1) . Mean femoral bowing angle in the TKA group was greater (p \ 0.001) than in the control group (À5.4°versus À3.0°). The proportion of knees with severe or very severe lateral bowing was higher (p = 0.010) in the TKA group (42% versus 22%). Varus femoral condylar orientation was common (80%) in the TKA group, whereas the majority (78%) in the control group had valgus femoral condylar orientation. Mean femoral condylar orientation differed (p \ 0.001) in the two groups: varus of 2.6°in the TKA group and valgus of 1.1°in the control group. Mean tibial plateau inclination was greater (p \ 0.001) in the TKA group (À8.3°versus À5.4°), and the proportion of knees with severe varus inclination was higher (p \ 0.001) in the TKA group (77% versus 50%).
Femoral lateral bowing and varus orientation of femoral condyles were associated with postoperative limb and femoral component alignments, whereas navigation reduced outliers. In the standard instrumentation group, femoral bowing angle and femoral condylar orientation correlated with mechanical tibiofemoral angle (correlation coefficient [CC] = 0.20 and 0.26, respectively) and coronal femoral prosthesis alignment (CC = 0.19 and 0.35, respectively), suggesting lateral femoral bowing angle or varus femoral condylar orientation was associated with varus alignment of limb and femoral component ( Table 2) . However, in the navigation group, we found weak correlations (CC, 0.15-0.20) between femoral condylar orientation and tibial plateau inclination or between mechanical tibiofemoral angle and coronal femoral prosthesis alignment, indicating the effects of anatomical features on postoperative limb and component alignment were smaller in the navigated group. Comparisons between subgroups of anatomical feature severities showed that in the standard instrumentation group, more severe femoral lateral bowing and varus femoral condylar orientation were associated with greater varus orientation in the limb and femoral component than knees with less severe lateral bowing or varus condylar orientation ( Table 3 ). The mean mechanical tibiofemoral angle and coronal femoral prosthesis alignment were lowest (ie, most severe varus alignment) (p \ 0.001) in the knees with very severe lateral bowing and in the knees with severe varus condylar orientation. However, in the navigation group, these patterns were not observed, and mean mechanical tibiofemoral angle and coronal femoral prosthesis alignment were closer to a neutral orientation than in the standard group (Table 4 ). In addition, comparisons of outliers showed the rate of outliers was greater in the standard group than in the navigation group (mechanical tibiofemoral angle = 25% versus 15%; p = 0.037; coronal femoral prosthesis alignment = 5.4% versus 0%; p = 0.002; and coronal tibial prosthesis alignment = 2.2% versus 0%; p = 0.123) ( Table 5 ).
The outliers had worse scores in a few outcome scales ( Table 6 ). Compared with aligned knees, knees with a mechanical tibiofemoral angle of [ ± 3°had a poorer American Knee Society knee score (87.2 versus 81.1, p = 0.049) and SF-36 physical component summary score (41.9 versus 39.1, p = 0.035). Knees beyond the range of 5°to 9°valgus had a poorer WOMAC pain score (4.1 versus 3.2, p = 0.040), WOMAC function score (20.1 versus 16.8, p = 0.018), and SF-36 physical component summary score (38.9 versus 43.2, p = 0.001) than the knees within this range. We observed no difference (p [ 0.05) between aligned knees and outliers in coronal femoral prosthesis alignment in terms of any functional outcome scale. Outliers in coronal tibial prosthesis alignment had lower (p = 0.007) mean SF-36 physical component summary score than aligned knees (36.6 versus 41.8). 
Discussion
The achievement of proper limb and prosthetic alignment and well-balanced gaps are the surgical principles that underlie the success of TKA [20] . Coronal radiographic features of the femur may have considerable implications to the application of these surgical principles in individual patients. We have observed many patients present with severe lateral bowing of the femur, varus condylar orientation, and large varus inclination of the tibial plateau, which often require modification of surgical techniques. We therefore determined the prevalence of lateral femoral bowing, varus femoral condylar orientation, and severe tibia plateau inclination in female Koreans undergoing TKA and the effects of these anatomical features on alignment and the effects of postoperative alignments on function. Several limitations should be noted before interpreting our findings. First, as a result of the extreme female sex predominance in Koreans undergoing TKA [6, 17] , the number of male patients treated during the study period was insufficient to provide the statistical power required to detect sex effects on outcomes. Therefore, we decided to exclude male subjects. However, considering the universally observed female dominance in TKA series [8, 19] , we believe our findings have surgical implications for patients in many other regions. Second, we used only one conventional instrumentation system (Genesis II) and only one navigation system (Orthopilot), and different systems of standard instrument or navigation may produce different findings. Third, we used standing whole-limb AP radiographs for radiographic measurements, and although this radiographic view is known to have satisfactory accuracy and reliability [5, 35] and have been frequently used in previous studies with similar purposes [11, 26, 29, 30, 36, 40] , it may be affected by several factors such as degree of rotation. To maintain the quality of radiographic images, we used a specially designed template to control rotation. Furthermore, patients with less than good images were excluded. Finally, the clinical value of navigation technology for TKA and whether outliers in the coronal plane are in fact associated with compromised longevity are topics of debate [4, 9, 14, 21, 27, 32, 33] , but we convey no information regarding the longevity of prostheses.
We found femoral lateral bowing, varus femoral condylar orientation, and large varus tibia plateau inclination are common in female Koreans undergoing TKA. However, it is not feasible to compare our findings directly with those of previous studies because of differences in age and sex compositions of populations studied, the types of parameters measured, and the types of variables reported [11, 16, 26, 29, 30, 36, 38, 40] . Nonetheless, it appears that like the Korean female patients in this study, Asian (Chinese, Indian, and Japanese) patients undergoing TKA for medial osteoarthritis commonly exhibit lateral femoral bowing and varus condylar orientation and a larger tibial plateau inclination than healthy Western subjects (Table 7 ) [11, 26, 29, 30, 36, 40] . A high prevalence of lateral femoral bowing has been reported in China [40] , India [29] , and Japan [30] , and a varus femoral condylar orientation tendency has been reported in India [29] . Furthermore, a large tibia plateau inclination of [ 3°was reported in a study of Japanese patients with knee medial osteoarthritis [30] and in a study of young healthy Chinese subjects [36] . A lack of relevant information regarding coronal alignments in Western or other Asian countries prevents us from concluding that these anatomical features are unique in Asia. Future studies in other countries and in other ethnic groups are warranted to clarify this issue, which potentially has important surgical implications.
The findings in partial correlation analyses and subgroup comparisons partly support our hypothesis that femoral lateral bowing, femoral condylar orientation, and tibia plateau inclination are associated with postoperative limb and prosthesis alignment and that the use of navigation reduces postoperative alignment outliers. Nevertheless, our findings are intuitively understandable. It is well known that the accuracy of femoral bone resection using an intramedullary guiding system can be compromised by femoral anatomical variations and that this could result in incomplete intramedullary rod insertion and subsequently erroneous distal femur resection [25, 31, 40] . Previous Western [11] and Asian [13, 27] authors have also reported that knees with a varus deformity are subject to postoperative varus malalignment. One technical tip that the senior author (TKK) has used is to assure that the cutting block for distal femur resection makes contact with bone as anticipated based on an assessment of femoral condylar orientation. For example, if the femur has a varus femoral condylar orientation, the distal cutting block has to make contact only with the lateral femoral condyle to achieve neutral bone resection. On the other hand, few knees had tibia alignment outliers even when standard instruments were used. This finding is also intuitive because surgeons would be able to place the cutting block independently of the anatomy whether a standard extramedullary guiding system or a navigation system is used. Numerous studies have documented the use of navigation improves alignment [12, 22, 24, 28, 34, 37] , but relatively few previous studies have addressed the issue of navigation in the context of the alignment of knees with severe deformity [12, 22, 24, 28, 34, 37] . Our findings are generally in accord with two previous studies, which found that the use of navigation reduces outliers in knees with severe deformity [12, 22, 24, 28, 34, 37] . Furthermore, in the present study, the navigation group also had no outliers in femoral or tibial component alignment. However, interestingly, although the overall incidence of mechanical tibiofemoral angle outliers was lower in the navigation group (15.4% versus 24.9%), it was not lower in knees with severe deformity ( Table 5 ). It is unclear why or how the incidences of outliers remained high even in the absence of component alignment outliers, although the limited nature of radiographic alignment assessments provides one possible explanation.
Our subgroup comparisons of the functional outcomes of aligned knees and outliers may provide some clues to resolving recent debate as to whether the restoration of neutral limb alignment is associated with better functional outcome [4, 23, 32] . Several authors have recently challenged the importance of the restoration of neutral limb alignment [4, 23, 32] . A previous study that compared aligned and varus-malaligned knees found no differences between the two in terms of American Knee Society, WOMAC, or SF-36 scores [23] . In contrast, in our study, the mechanical tibiofemoral angle outlier had a lower American Knee Society knee score and SF-36 physical component summary score, and coronal tibial prosthesis alignment outlier had a low SF-36 physical component summary score. However, we found no differences in other functional scales. These findings suggest postoperative coronal alignment influences patient function but only to a limited extent, particularly given some of the many comparisons might have been significant by chance. However, coronal femoral prosthesis alignment outliers were not different in any functional scale. This suggests surgeons can be flexible to some extent when determining coronal component orientation to achieve a rectangular extension gap without adversely affecting functional outcomes.
In summary, our data document femoral lateral bowing, varus condylar orientation of the femur, and severe varus inclination of the tibial plateau are prevalent in female Koreans undergoing TKA and that the presence of these * Tibial plateau inclination was defined as the angle between the mechanical axis of the tibia and the joint line of the knee; femoral bowing angle was defined as the angle between the proximal and distal diaphyseal lines, and tibial plateau inclination was defined as the angle between the midmedullary line of the proximal tibia and the tangent to the medial and lateral tibial plateaus; à femoral bowing angle was defined as the angle between the diaphyseal lines of the most proximal and distal segments of the four segments spanning the femoral shaft; § femoral bowing angle was defined as the angle between a line connecting a point on the line bisecting the lower margin of lesser trochanter and a point on the line bisecting the middle of the femur, and a line connecting a point bisecting the femur 10 cm proximally to the knee and a point bisecting the middle of the femur, and the femoral condylar angle was defined as the angle between the mechanical axis of the femur and the subchondral bone of femoral condyles; HTO = heterotopic ossification; OA = osteoarthritis; UKA = unicompartmental knee arthroplasty.
anatomic features can adversely affect postoperative limb and prosthesis alignments. Thus, these features should be considered during TKA to reduce the risks of adversely affecting postoperative limb and prosthesis alignments.
